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ABBREVIATIONS 
CF^ Chloroplast coupling factor 1 
LHCP Light harvesting chlorophyll protein 
RUBP Ribulose bisphosphate 
RUBP C/0 Ribulose bisphosphate carboxylase/oxygenase 
cyt Cytochrome 
DCMU 3-(3,4-dichloropheny 1)-l,1-dimethyl urea 
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GENERAL INTRODUCTION 
Photosynthesis is a process whereby carbon dioxide is 
transformed into high energy sugars by using light energy. 
Insoluble components that catalyze this process are 
contained within the thylakoid membrane of higher plants and 
cyanobacteria. Soluble components are located in the 
surrounding stroma or cytosol. The development and 
maintenance of this infrastructure requires the concerted 
interaction of numerous genetic loci. In higher plants, two 
genomes, the nuclear genome and chloroplast genome, must be 
coordinated and gene products shuttled across a chloroplast 
envelope (von Wettstein, 1981; Ellis, 1981). A summary is 
presented in Table I of the evidence for the physical 
localization of some photosynthetic genes. Only a few 
examples are listed for each protein. 
An intriguing question arises, then, as to the nature 
and mode of regulation of this coordinated synthesis. The 
effects of two factors, light and phytochrome, have been 
investigated. The profile of membrane-bound proteins in 
etioplasts changes dramatically upon illumination, resulting 
in the loss or accumulation of certain proteins. The same 
protein may not be affected in the same manner in all 
species (e.g., LHCP in monocots versus dicots, Apel and 
Kloppstech, 1978, and Cuming and Bennett, 1981, 
respectively), implying the existence of additional 
Table I. Evidence for the physical localization of 
photosynthetic genes 
Chloroplast 
protei n Reference Species Genome 
LHCP Kung et al., 
1972 
Machold and 
Aurich, 1972 
Apel and 
Kloppstech, 
1978 
Broglie et al., 
1981 
tobacco 
broad bean 
barley 
pea 
nucleus 
nucleus 
nucleus 
nucleus 
Dunsmuir and petunia 
Bedbrook, 1983 
nucleus 
P-700 chl-
a-protein 
Smal 1 
subunit of 
RUBP C/0 
Green, 1980 
Zielinski and 
Price, 1980 
Acetabular!a chloroplast 
clittonii 
spinach 
Westhoff et al., spinach 
1983 
Criddle et al., barley 
1970 
Broglie et al., pea 
1981 
chloroplast 
chloroplast 
nucleus 
nucleus 
Dunsmuir and 
Bedbrook, 1983 
petunia nucleus 
Large 
subunit of 
RUBP C/0 
Criddle et al., barley 
1970 
chloroplast 
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Description of work 
Using interspecific hybrids, the LHCP pattern was 
independent of the cytoplasmic background. 
The protein synthesis inhibitor cycloheximide decreased 
synthesis. 
In vitro translation of polu(A) mRNA yielded a precursor for 
UCK 
Characterization of a cDNA clone by hybridization to 
partially purified mRNAs and in vitro chloroplast uptake 
experiments by using mRNAs seTëcted by the cONA clone. 
Characterization of several cDNA clones by restriction 
endonuclease mapping, nucleotide sequencing, and 
hybri di zati on. 
Identified protein products synthesized in vitro by intact 
chloroplasts. 
Identified protein products synthesized in vitro by intact 
chloroplasts. 
Hybridization of cloned restriction fragments to chloroplast 
DNA. 
The protein synthesis inhibitor cycloheximide decreased 
synthesis. 
Characterization of a cDNA clone by hybridization to 
purified mRNAs and in vitro chloroplast uptake experiments 
by using mRNAs selected by the cDNA clones. 
Characterization of several cDNA clones by restriction 
endonuclease mapping, nucleotide sequencing, and 
hybridization. 
The protein synthesis inhibitor chloramphenicol decreased 
synthesis. 
Table I (Continued) 
Chloroplast 
protei n References Species Genome 
Large 
subunit of 
RUBP C/0 
Herbicide-
bi ndi ng 
Ri eske 
iron-sulfur 
protei n 
Cytochrome 
b6 
Subunit 4 
of cytf/b6 
complex 
Subunit 2 
of PSI 
Cytochrome 
f 
PI astocyani n 
Cytochrome 
b559 
Feierabend, 
1979 
Blair and 
Ellis, 1973 
Coen et al., 
1977 
Bedbrook et 
al., 1978 
Driesel et 
al., 1980 
Alt et al., 
1983 
Alt et al., 
1983 
Alt et al., 
1983 
Westhoff et 
al., 1983 
Doherty and 
Gray, 1979 
Alt et al., 
1983 
Haslett and 
Cammack, 1974 
Zielinski and 
Price, 1980 
rye 
pea 
corn 
corn 
spinach 
spinach 
spinach 
spinach 
spinach 
pea 
spinach 
bean 
spinach 
chloroplast 
chloroplast 
chloroplast 
chloroplast 
chloroplast 
nucleus 
chloroplast 
chloroplast 
nucleus 
chloroplast 
chloroplast 
nucleus 
chloroplast 
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Description of work 
Absence of the large subunit in chloroplast ribosome-
deficient plants. 
Identified protein products synthesized in vitro by intact 
chloroplasts. 
Cloned restriction endonuclease fragments were used to prime 
a linked transcription-translation system. 
Hybridization of plastid mRNA to plastid DNA. 
Hybridization of plastid mRNA to plastid DNA and hybrid-
arrested translation of plastid mRNA. 
Cell-free translation of poly(A) mRNA followed by 
i mmunoprecipitati on. 
Hybrid-selection mapping and cell-free transcription-
translation of cloned plastid DNA fragments. 
Hybrid-selection mapping and cell-free transcription-
translation of cloned plastid DNA fragments. 
Cell-free translation of poly(A) mRNA and 
i mmunopreci pi tati on. 
Identified protein products synthesized in vitro by intact 
chloroplasts. 
Hybrid-selection mapping and cell-free transcription-
translation of cloned plastid DNA fragments. 
The protein synthesis inhibitor chloramphenicol did not 
inhibit synthesis. 
Identified protein products synthesized in vitro by intact 
chloroplasts. 
Table I (Continued) 
Chloroplast 
protei n Reference 
Ferredoxi n 
T and G 
elongation 
factors 
Q!,/?, and e 
subunits of 
Armstrong et 
al., 1971 
Ciferri et 
al., 1979 
Mendolia-
Morgenthaler 
et al., 1975 
Krebbers et 
al., 1982 
Species 
Chlamydomonas 
reinhardTT" 
pea 
spinach 
spinach 
corn 
Genome 
nucleus 
chloroplast 
nucleus 
chloroplast 
chloroplast 
Dicyclohexyl- Doherty and 
carbodiimide Gray, 1980 
binding protein 
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Description of work 
Chloroplast components were examined after using various 
protein synthesis inhibitors. 
Identified protein products synthesized in vitro by intact 
isolated chloroplasts. 
Identified protein products synthesized in vitro by intact 
isolated chloroplasts. 
Identified protein products synthesized in vitro by intact 
isolated chloroplasts. 
Cell-free linked transcription-translation followed by 
i mmunoprecipitati on. 
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contributing factors. 
Evidence available at present suggests that light 
and(or) phytochrome affect protein accumulation largely at 
the level of transcription (Jenkins et al., 1984) for both 
nuclear- (Cuming and Bennett, 1981) and chloroplast-encoded 
genes (Bedbrook et al., 1978; Link, 1982). A recent report 
does indicate that, in the organism Vol vox carteri, the 
effect of light on protein accumulation occurs mainly at the 
translations! level (Kirk and Kirk, 1985). 
In Glycine max, an example of the interaction between 
the nuclear and cytoplasmic genomes has been described at 
the genetic level (Terao and Nakatomi, 1929). Three genes 
are involved: cyt-G-j, a maternally inherited green seed 
cotyledon trait (Terao, 1918; Woodworth, 1921), G, green 
seed coat (Terao, 1918), and conditioning normal green 
foliage (Terao and Nakatomi, 1929). Alternate alleles at 
the three loci yield yellow cotyledons (cyt-Y^), yellow seed 
coat (£), and premature loss of chlorophyll (^), 
respectively. Chlorophyll is retained in plants containing 
the cyt-G-j factor, yielding mature seeds that are green. 
This trait is expressed in plants with either dominant 
alleles at both G^ and (G ) or dominant alleles at one 
of the loci (G y^y^ or gg Yg ). However, an epistatic 
effect is seen in an individual of the genetic 
composition cyt-G^ gg y^y^. Mature seeds borne on such a 
9 
plant have yellow cotyledons, rather than green cotyledons 
(Table II). 
Another interaction in soybean has been observed (R. G. 
Palmer, Dept. of Genetics, Iowa State University, Ames, lA) 
in which plants that contain dominant allele(s) at £ and 
recessive alleles at (G y^y^) degrade chlorophyll 
normally during leaf senescence (Table III). This effect is 
observed irrespective of whether cyt-G-j or cyt-Y^, is 
present. 
Regulation of genes encoding proteins involved in 
photosynthesis must necessarily occur in photosynthetic 
cyanobacteria as well, though without the need of 
coordinating more than one genome. Expression of some of 
these genes is highly variable and dependent upon 
environmental or genetic factors. Synthesis of chlorophylls 
and accessory pigments (phycocyanin, allophycocyanin, and 
phycoerythrin) is subject to alteration by light intensity, 
temperature, COg concentration, and light quality (Cohen-
Bazire and Bryant, 1982). The last phenomenon is known as 
chromatic adaptation (Bogorad, 1975) and has been shown to 
be regulated primarily by rates of transcription (Gendel et 
al., 1979). Numerous pigment mutants have been isolated and 
characterized (Myers et al., 1980; Khanna et al., 1984) as 
well. 
A thylakoid protein that is amenable to studies of 
Table II. Interaction of a cytoplasmic chlorophyll mutant with two nuclear 
chlorophyll mutants in soybean 
Phenotype 
Cotyledon Seed Coat Foliage 
Genotype Observed Expected Observed Expected Observed Expected 
cyt-G^ gg green green yellow yellow green green 
cyt-G^ gg y^y^ yellow green yellow yellow yellow yellow 
cyt-Y^ gg Y^ yellow yellow yellow yellow green green 
cyt-Y^ gg y^y^ yellow yellow yellow yellow yellow yellow 
Table III. Interaction of two nuclear chlorophyll mutants in soybean 
Phenotype 
Cotyledon Seed Coat Foliage 
Genotype Observed Expected Observed Expected Observed Expected 
1.% 
99l3-
yellow 
yellow 
yellow 
yellow 
yellow 
yellow 
yellow 
yellow 
green 
green 
yellow 
yellow 
green 
green 
yellow 
yellow 
green 
green 
green 
yellow 
green 
yellow 
green 
yellow 
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factors affecting gene regulation is the herbicide-binding 
protein, which is encoded by the ps2B gene (Mulligan et al., 
1984) in cyanobacteria. (In higher plants, this 
chloroplast-encoded gene is referred to as psbA (Zurawski et 
al., 1982).) It is probable that multiple copies of this 
gene exist in at least three species of cyanobacteria 
(Mulligan et al., 1984; S. Golden and L. Sherman, Div. of 
Biological Sciences, University of Missouri, Columbia, MO), 
though it is not known if all of the copies are actively 
transcribed. The deduced amino acid sequence of one of the 
gene products from Fremyel 1 a diplosiphon (a cyanooacteriuin) 
is highly homologous.with the amino acid sequence of the 
herbicide-binding protein from spinach (Mulligan et al., 
1984). This observation suggests that the protein from 
cyanobacteria may function in a manner similar to the 
herbicide-binding protein in higher plants. 
Currently, more information is available about the 
herbicide-binding protein from higher plants, especially as 
regards the occurrence of herbicide-resistant biotypes. 
Resistance of plants to various chemical herbicides has been 
well-documented. (See Herbicide Resistance in Plants, H. 
LeBaron and J. Gressel, 1982, for a review of several 
aspects.) Resistance can be characterized by altered 
binding of the herbicide, which is correlated with survival 
at substantially elevated levels of the herbicide (Steinback 
13 
et al., 1981). Changes have been noted in the molecular 
architecture of the thylakoid memorane in resistant compared 
to susceptible biotypes. Comparison of the amino acid 
sequence of the herbicide-binding protein from Amaranthus 
hybridus and Solanum nigrum revealed that the same single 
amino acid substitution had occurred in the protein isolated 
from resistant biotypes when compared with susceptible 
{Hirschberg and Mcintosh, 1983; Hirschberg et al., 1984). 
Qualitative and quantitative differences in the lipid 
profile were observed also, including a higher degree of 
unsaturation in resistant Chenopodium album and Amaranthus 
retroflexus plants (Pillai and St. John, 1981). Net carbon 
fixation and oxygen evolution were higher in susceptible 
versus resistant plants of Senecio vulgaris, grown in the 
absence of selective pressure (Holt et al., 1981). 
Recently, Erickson et al. (1985) described the 
characterization of several herbicide-resistant mutants of 
Chiamydomonas reinhardii. Two of these mutants are 
characterized by normal rates of photosynthetic electron 
transport, but with different levels of resistance. The 
herbicide-binding protein of each mutant contains a unique 
amino acid substitution that is different from the 
substitution documented previously (Hirschberg and Mcintosh, 
1983). All of these residues, though, are contained in a 
region of high cross-homology among several organisms, a 
14 
region that likely is located within the thylakoid membrane 
(Erickson et al., 1985). 
Herbicide-resistant mutants have been isolated in 
cyanobacteria as well (Astier et al., 1979; Golden and 
Sherman, 1984). Astier et al. (1979) have isolated two 
DCMU-resistant mutants. One of these was shown to exclude 
the herbicide from the cell itself. The other exhibited 
lower sensitivity to DCMU at both the cellular and thylakoid 
membrane levels, indicating that an alteration of the 
thylakoid membrane had occurred. DCMU-resistant mutants of 
Anacysti s ni du1 ans al so were descri bed that demonstrated 
cross-resistance to atrazine (Golden and Sherman, 1984). 
These mutants were shown subsequently to be deficient in a 
membrane protein of apparent molecular weight 34 kO, which 
was present in wild type cells. Physiological studies have 
ascertained that these two herbicides, DCMU and atrazine, 
interacted with cyanobacterial and spinach thylakoid 
membranes in much the same manner (Astier et al., 1979; 
Allen et al., 1983). Specifically, these two herbicides 
bind competitively to the same site in cyanobacteria as in 
spinach, and the cyanobacterial herbicide-binding protein 
has an apparent molecular weight of 32-34 kO (Allen et al., 
1983). 
In this work, two major projects were outlined. The 
first three sections deal with genetic and physiological 
15 
studies of chlorophyll mutants in Glycine max. The first 
section details a molecular examination of maternal 
inheritance of chloroplast DNA in two species of the 
subgenus Soja. The second section involves the screening 
of green-cotyledon genotypes to establish which accessions 
are cytoplasmic (cyt-G-j) and which are nuclear 
I2—2^ encoded. Some of these cytoplasmic green-
cotyledon genotypes were analyzed via restriction 
endonuclease digestion to determine if any variation in 
chloroplast DNAs could be detected. The third section is a 
preliminary report of a long-term study initiated to 
investigate controlling factors in the retention/degradation 
of chlorophyll in soybeans. In this study, several loci 
(cyt-G-j, G, £]' £2^ are being combined into isogenic 
lines. Because some of these genes interact epistatically, 
a considerable amount of testcrossing must be performed, 
thus not all of the strains are available. In the interim, 
physiological investigations of genotypes available are 
being conducted to detail more critically the status of the 
photosynthetic apparatus during senescence. Growth-chamber 
studies have been employed to determine if a developmental 
pattern of chlorophyll content could be established and 
correlated with plant genotype. 
The second project is presented in the fourth section. 
This project concerns characterization of the adaptation of 
16 
cells of Anacystis nidulans during growth in the presence of 
sublethal doses of herbicide. The changes in gene 
expression that occur during adaptation were measured by 
several physiological methods. 
17 
SECTION I: MATERNAL INHERITANCE OF CHLOROPLAST DNA WITHIN 
THE GENUS Glycine SUBGENUS Soja 
18 
ABSTRACT 
Restriction endonuclease digestion analysis was used to 
determine the mode of inheritance of organelle DNAs in 
intraspecific reciprocal crosses of Glycine max (PI 27890) X 
G. max (PI 290135) and in interspecific crosses of G. max 
('Clark') X G. soja (PI 65549). Parents were selected on 
the basis of characteristic chloroplast-DNA restriction 
fragment patterns obtained by electrophoresis on agarose 
gels following digestion with Clal restriction endonuclease. 
Chioroplast-DNA-enriched DNA samples were prepared from two-
week-old seedlings of the reciprocal hybrids and the 
respective parents. The restriction fragment pattern of 
the hybrid progeny was identical to that of the maternal 
parent in each case. Intermediate fragment patterns, 
indicative of biparental inheritance, were not observed, 
thus demonstrating maternal transmisssion of cnlorplast DNA 
within the genus Glycine subgenus Soja. 
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INTRODUCTION 
Digestion of chloroplast DNA with restriction 
endonucleases has been used to analyze the structure of the 
chloroplast genome (Bedbrook and Bogorad, 1975) as well as 
to estimate the diversity of chloroplast DNA sequences 
(Atchison et al., 1975; Palmer et al., 1983). Distinctive 
digestion patterns also have been utilized to demonstrate 
the mode of inheritance of organelle DNAs from various plant 
species (Conde et al., 1979; Hachtel, 1980; Ichikawa and 
Hirai, 1983; Vedel et al-, 1981). In these studies, 
interspecific and intraspecific restriction fragment 
polymorphisms were used as markers in reciprocal genetic 
hybridizations. Restriction fragment patterns of the 
subsequent progeny of these crosses were determined and 
compared with parental restriction patterns. 
Studies with two species of Zea (Conde et al., 1979), 
three species of Triticale (Vedel et al., 1981), and three 
Brassica species (Ichikawa and Hirai, 1983) demonstrated 
strict maternal inheritance of chloroplast DNA. Conversely, 
studies with five species of Pelargonium indicated 
biparental inheritance of chloroplast DNA (Metzlaff et al., 
1981). The situation with the genus Oenothera is more 
complex because, in some species, chloroplast DNA is 
inherited only through the female (Hachtel, 1980), and in 
others, chloroplast DNA is transmitted through both the male 
20 
and female gametes (Stubbe, 1984). 
The inheritance of genetic material from a single 
parent corroborates the previously documented observations 
in several species of extrachroinosomal inheritance of 
genetic markers (Sager, 1972). In soybean, extrachromosomal 
inheritance of three markers has been documented (Palmer and 
Mascia, 19*0: Shoemaker et al., 1985; Terao, 1918). The 
inheritance of these traits indicates maternal transmission 
only. This would necessitate the maternal transmission of 
one or both DNA-containing organelles, the chloroplasts 
and(or) mitochondria. Soybean mitochondrial DMA has been 
shown previously to be inherited only from the female parent 
(Sisson et al., 1978). The objective of this present study 
was to elucidate the mode of inheritance of soybean 
chloroplast DMA by using restriction endonuclease fragment 
patterns. 
21 
miERIALS AND METHODS 
Four soybean genotypes were utilized as parents in the 
study. Three of the lines, 'Clark', PI 27890 ('Minsoy'), 
and PI 290135 ('Noir 1'), are Glycine max [l.] Merr. 
genotypes. PI 55549 is an accession of Glycine soja [Sieb. 
& Zucc.]. These genotypes have been shown previously to 
have distinct chloroplast ONA restriction fragment patterns 
when digested with the restriction endonuclease Clal 
(Shoemaker et al., 1986). Reciprocal genetic hybridizations 
were made between Clark and PI 55549 and between PI 27890 
and PI 290135. Because of availability alone, Fg seedlings 
of the former set of crosses and F^ seedlings of the latter 
set were used for chloroplast DNA isolations. 
Chioroplast-DNA-enriched DNA samples were prepared from 
uni foliolate or tri foliolate leaf tissue from each of the 
four parents and from sel fed hybrid progeny (Shoemaker et 
al., 1984). A slight modification of the procedure of 
Shoemaker et al. was necessary to produce good yields of 
chloroplast DNA for the G. soja genotype; in these 
isolations, the first four centrifugation velocities were 
increased approximately 10% to 15%. 
Chloroplast DNA was digested with Clal (New England 
Biolabs) as described by Maniatis et al. (1982). Individual 
bands were resolved on 0.9% agarose (Sigma) gels in TAE 
22 
buffer (0.04 M Tris-acetate, 0.002 M Na^EDTA, pH 8.0) by 
electrophoresis at 50 V for 18 hrs. Gels were stained with 
ethidium bromide (0.5 ug/ml in TAE) for 20 to 30 rain. Bands 
were visualized under short-wave UV light and photographed 
using an MP-4 camera and Polaroid 565 film. Molecular 
weight determinations were made by comparison with Hindi 11 
digests of lambda DNA. 
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RESULTS AND DISCUSSION 
Digestion of soybean chloropiast-DNA-enriched UNA 
samples with Clal yielded distinctive restriction fragment 
patterns (Figs. 1 and 2) with minimal contamination by 
nuclear DNA. In each cross, one parent was distinguished 
from the other by the presence or absence of 3.45 and 2.3 
kilobase pair (kbp) bands. Chloroplast DNA from PI 27890 
(Fig. 1, lane A) and Clark (Fig. 2, lane A) revealed the 
presence of an additional band of 2.3 kbp and, simultaneously, 
showed the loss of another band of 3.45 kbp when compared 
with PI 290136 (Fig. 1, lane 6) and PI 55549 (Fig. 2, lane 
B). This distinction was used as a genetic marker in 
examining progeny of reciprocal crosses of these lines. 
Restriction endonuclease digestion of chloroplast DNA 
isolated from progeny of the reciprocal crosses is presented 
in Figs. 1 and 2. PI 27890 X PI 290136 (Fig. 1, lane C) 
yielded a pattern identical with the pattern of chloroplast 
DNA from PI 27890 alone. Conversely, endonuclease digestion 
of chloroplast DNA from progeny of the cross of PI 290136 X 
PI 27890 (Fig. 1, lane D) produced only the fragment pattern 
of the maternal parent. Intermediate fragment patterns, 
indicative of a contribution by both parents, are not evident. 
That is, restriction fragments unique to the pollen parent 
are not present in digests of the progeny. Similar results 
are obtained from reciprocal crosses of the G. max parent. 
24 
Clark, by the G. soja parent, PI 65549 (Fig. 2). 
Restriction patterns of chloroplast DNA from the progeny 
resembled the pattern of the maternal parent exclusively. 
Thus, transmission of chloroplast DNA in these two 
species of the genus Glycine subgenus soja is only through 
the female parent. I believe that the bands seen in Figs. 1 
and 2 do indeed represent chloroplast DNA for several 
reasons. First, the bands show an extrachromosomal 
inheritance pattern in reciprocal crosses and therefore are 
not derived from nuclear DNA. Second, the isolation 
procedure enriches for chloroplasts, though it is probable 
that some mitochondria are co-pelleted. The amount of 
contamination by mitochondrial DNA is likely to be small so 
that restriction fragments of mitochondrial DNA would be 
present in low amounts relative to chloroplast DNA. The 
intensity of the distinct bands (2.3 and 3.45 kbp-bands) is 
similar to other bands within a digest, indicating that the 
bands do not represent contaminating mitochondrial DNA. 
Thirdly, chloroplast DNA isolated by the same procedure and 
digested with the endonuclease Xhol consistently yields a 
restriction fragment pattern identical with a previously 
published pattern (Palmer et al., 1983). 
It is apparent that inheritance of organellar DNA in 
soybean resembles that of corn, wheat, and cabbage. It is 
important that further work on cytoplasmic genomes be 
25 
carried on because of the influence of these characters on 
plant genetics (Kihara, 1982) and the effects of the 
cytoplasm on certain aspects of plant phenotype (Harvey et 
al., 1972; Robertson and Frey, 1984). 
25 
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Figure 1. Restriction endonuclease digestion of soybean 
chloroplast DNA-enriched DNA samples with the 
enzyme Cl al. Lane A = PI 27890; Lane B = PI 
290136; Lane C = PI 27890 X PI 290136; 
Lane D = PI 290136 X PI 27890 
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Figure 2. Restriction endonuclease digestion of soybean 
chloroplast DNA-enriched DMA samples with the 
enzyme Cl al. Lane A = Clark; Lane B = PI 55549; 
Lane C = Clark X PI 65549; Lane D = PI 65549 X 
Clark 
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SECTION II: GENETIC AND MOLECULAR CHARACTERIZATION OF 
SEVERAL GREEN-COTYLEDON GENOTYPES IN Glycine 
max [L.] Merr. 
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ABSTRACT 
The mode of inheritance (Mendelian or cytoplasmic) was 
characterized for 153 green-cotyledon Plant Introductions and 
cultivars of Glycine max. Of these, 103 exhibited 
cytoplasmic inheritance. Fifteen cytoplasmic genotypes were 
analyzed further by using type II restriction endonucleases. 
Chloroplast-DNA-enriched DNA samples were digested with the 
enzymes Clal, Kpnl, and PstI. The fragment patterns 
generated were identical for all 15 genotypes, using all three 
enzymes." The lack of apparent heterogeneity is discussed in 
relation to the geographic origin of the 15 genotypes. 
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INTRODUCTION 
The occurrence of non-Hendelian inheritance of genetic 
traits is well-documented for many species (Sager, 1972). 
Three cytoplasmically inherited traits have been described 
in the cultivated soybean. A yellow foliar mutant, cyt-Y,. 
originated from a chimeric plant that segregated yellow 
progeny and green progeny (Palmer and Mascia, 1980). Plants 
of the cyt-Y, genotype displayed nearly normal chloroplast 
ultrastructure, with a slight reduction in chlorophyll 
content during early leaf age. The second, cyt-Y^ 
(Shoemaker et al., 1985), also caused yellowing of the 
foliage, but elicited more severe developmental 
abnormalities. The third mutant, cyt-G-j, is a green 
cotyledon variant in which chlorophyll is retained in mature 
seeds, yielding green seeds instead of the more common 
yellow seeds (Terao, 1918; Woodworth, 1921). 
Green cotyledons are determined by nuclear genes as 
well. Two loci, £i and £2» interact to influence cotyledon 
color. Dominant alleles at one or both loci yield yellow 
cotyledons, whereas two recessive alleles at both loci give 
green cotyledons. In addition, retention of chlorophyll in 
the seed is epistatic to absence of chlorophyll, no matter 
which genome encodes the trait. Thus, cyt-G-j £•]_ D2_ and 
cyt-Y-j d^^i plants bear green seeds. 
Several green-seeded soybean cultivars and Plant 
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Introductions (Pis) are known. It is not known which of 
these are caused by cytoplasmic or by nuclear factors, or by 
both. The objective of this investigation was to identify 
which genotypes are characterized by cytoplasmic 
inheritance. Furthermore, since genetic allelism tests 
cannot be used to distinguish among the cytoplasmic 
genotypes, molecular analysis of chloroplast DNA was 
utilized instead. Shoemaker (1984) demonstrated that it was 
possible separate yellow-cotyledon from green-cotyledon 
genotypes on the basis of restriction endonuclease fragment 
length polymorphisms of chloroplast DNA. Using the enzyme 
Clal, he found that green-cotyledon genotypes were missing a 
single Clal restriction site relative to yellow-cotyledon 
genotypes, presence of a higher molecular weight band with 
the concurrent loss of a lower molecular weight band in 
green relative to yellow genotypes. In this study, we used 
three enzymes, including Clal, to characterize the 
chloroplast DNA from selected cytoplasmic green-cotyledon 
genotypes. 
In addition to molecular analysis, a genetic test has 
been established to determine if the cytoplasmic green-
cotyledon genotypes (from the Northern collection only) are 
functionally similar. The test takes advantage of the fact 
that cyt-G-j interacts epistatically with _g and so that 
cyt-G-j gg y^y^ plants have yellow seeds at maturity (Terao 
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and Nakatonii, 1929). F g progeny from F-j plants in which the 
cytoplasmic green genotypes were female will be harvested 
fall 1985 and cotyledon color scored. 
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MATERIALS AND METHODS 
Seeds of 336 Plant Introductions and cultivars were 
obtained from seed stocks maintained at Ames, Iowa, or from 
the soybean collections at Charapaign-Urbana, Illinois, and 
at Stoneville, Mississippi. Maturity groups I through IV 
were planted at a seeding rate of 8 seed/ft in Ames during 
summer 1984. Maturity groups V through VIII were planted in 
hill plots in Stoneville during summer 1984. 
In Ames, Pis and cultivars were crossed as females to 
cyt-Y-j 2]2] £2—2 99 y2^2' Crosses were made also using cyt-
£1^1 £2^2 as females with Pis and accessions as male 
parents. In Stoneville, green-cotyledon genotypes were 
crossed reciprocally to either 'Centennial', 'Forrest', 
'Hardee', or 'Tracy' cultivars. 
seeds were harvested and seed cotyledon phenotype 
noted. F-j seeds of northern genotypes were planted in the 
field in Ames in the summer of 1985. To insure that F-j 
plants were hybrids, flower color, pod color, pubescence 
color and cotyledon color were recorded. 
Chloroplast-DNA enriched DNA samples were prepared 
from uni folio!ate or tri foliolate leaf tissue of 
cytoplasmically inherited genotypes (determined by F^ seed 
cotyledon color) (Shoemaker et al., 1984). Chloroplast ONAs 
were digested with the restriction endonucleases Clal, Kpnl, 
and PstI (New England Biolabs) as described by Maniatis et 
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al. (1982). Individual bands were resolved on 0.9% agarose 
in TAE (0.04 M Tris-acetate, 0.002 M NagEDTA, pH 8.0). 
Electrophoresis was performed for 18 hr at a constant 50 V. 
Gels were stained subsequently in ethidium bromide (0.5 
micrograms/ml in TAE) for 30-40 min and photographed with 
short-wave UV light using a Polaroid MP-4 camera and type 
655 film. 
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RESULTS AND DISCUSSION 
Hybrid seeds from reciprocal crosses were obtained for 
153 of the 336 genotypes. Of these, 103 exhibited 
cytoplasmic inheritance (Table I) on the basis of mature F-j 
seed color. The other 50 genotypes showed strict Mendelian 
inheritance (Table II), again on the basis of mature seed 
color. A few showed a pattern of inheritance indicating the 
presence of both cytoplasmic and nuclear green-cotyledon 
factors (Table I). Data on F-j plant characteristics 
(flower color, pod color, and pubescence color) and Fg 
mature seed color are being collected this summer in Ames 
for progeny of northern genotypes. Progeny of southern 
genotypes will be examined next summer at Stoneville. 
Of the 103 genotypes identified as cytoplasmic, 34 were 
selected for further characterization using molecular 
techniques; 13 genotypes were from the northern collection, 
the rest from the southern collection. Twenty-one of the 88 
southern genotypes that showed cytoplasmic inheritance were 
chosen for molecular analysis on the basis of mature plant 
characteristics. Specifically, we chose genotypes that were 
characterized by more primitive traits (i.e., shattering 
index, pod color) and were of different geographic origin, 
on the assumption that these genotypes represented more 
diverse germplasm. 
Easily scorable restriction fragment patterns were 
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obtained for 15 of the 34 accessions. All 15 genotypes were 
characterized by having the same restriction fragment 
patterns for all three enzymes within the limits of 
detection. Representative fragment patterns for each enzyme 
are displayed in Fig. 1. The Clal fragment pattern shown in 
Fig. 1 was identical to that obtained by Shoemaker (1984) 
for three cytoplasmic green-cotyledon cultivars. However, 
this fragment pattern was seen also in a few preparations 
of more primitive yellow-cotyledon genotypes (Shoemaker, 
1984). 
Sisson et al. (1978) examined mitochondrial DNA from 10 
soybean genotypes by using restriction endonucleases and 
found limited heterogeneity among fragment patterns 
generated from the 10 sources. Conservation was observed 
also among the chloroplast DNA restriction fragment patterns 
of several soybean accessions (Shoemaker et al., 1985). 
These results were interpreted by the authors as evidence 
for a commonality in the cytoplasmic genomes of cultivated 
soybean. Further, this uniformity was linked to the limited 
geographic origin of contributing maternal ancestors (Sisson 
et al., 1978). Of the 15 green-cotyledon genotypes 
characterized in this study, 10 originated in Korea and were 
introduced into the United States during a five year period 
(Table I). Four others were introduced from Japan and one 
from France. The limited geographic distribution of the 15 
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genotypes tested may provide a possible explanation for the 
lack of observed heterogeneity. 
A genetic test was outlined to complement the molecular 
analyses. All northern green-cotyledon Pis and cultivars 
were crossed as male parents to cyt-Y^ genotypes 
and also, were used as female parents in crosses to cyt-Y^ 
£l£l £222-3^3* addition to supplying information 
about the mode of inheritance (cytoplasmic versus nuclear) 
of the green coytledon trait, data from the latter set of 
crosses was used to determine if all of the genotypes were 
functionally similar. Terao and Nakatomi (1929) noted that 
the cyt-G-| phenotype was not expressed in plants that were 
genetically cyt-G^ gg y^y^. These plants bore seeds that 
were yellow at maturity. Thus, if the cytoplasmic green-
cotyledon genotypes were similar to cyt-G-j, then 1/15 of the 
F2 seed from the second set of crosses would be yellow, not 
green (assuming that the cytoplasmic green-cotyledon 
genotypes are GG Y^Y^). Those green-cotyledon genotypes 
that were not similar to cyt-G^ would yield only green 
seeds, assuming that a non-identical mutation would not 
produce the same interaction. Fg seeds will be harvested 
this fall and mature seed color recorded. 
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Table I. Green-cotyledon genotypes in Glycine max showing 
non-Mendelian inheritance 
Cultiver, Genetic Type, Year of Maturity 
or Plant Introduction Origin introduction group 
PI 291319B+ China 1963 0 
PI 86031+ Japan 1930 II 
PI 189969* France 1950 III 
PI 196164* Japan 1951 III 
PI 209331* Japan 1953 III 
PI 417244 Japan 1977 III 
Emerald United States 1975 IV 
Ki ngston Japan 1889 IV 
PI 209335 Japan 1953 IV 
PI 243519 Japan 1958 IV 
PI 408066A* Korea 1976 IV 
PI 408203B Korea 1976 IV 
T104+ from T42 before 1932 IV 
PI 229350 Japan 1956 V 
PI 398196 Korea 1973 V 
PI 398209 Korea 1973 V 
PI 398210 Korea 1973 V 
PI 398241 Korea 1973 V 
PI 398266 Korea 1973 V 
*PIs showing cytoplasmic and nuclear inheritance. 
Pis examined by using restriction endonucleases. 
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Table I (Continued) 
Cultivar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 398328 Korea 1973 V 
PI 398452 Korea 1973 V 
PI 398512 Korea 1973 V 
PI 398561 Korea 1973 V 
PI 398689 Korea 1973 V 
PI 398690 Korea 1973 V 
PI 398692 Korea 1973 V 
PI 398723 Korea 1973 V 
Pi 398784 Korea 1973 V 
PI 398809 Korea 1973 V 
PI 398810 Korea 1973 V 
PI 398811 Korea 1973 V 
PI 398846 Korea 1973 V 
PI 398855 Korea 1973 V 
PI 398986* Korea 1973 V 
PI 399007 Korea 1973 V 
PI 399025 Korea 1973 V 
PI 399075 Korea 1973 V 
PI 399101 Korea 1973 V 
PI 399121 Korea 1973 V 
PI 407857 Korea 1973 V 
PI 407859.1 Korea 1973 V 
Table I (Continued) 
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Cultivar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 407879 Korea 1973 V 
PI 407889 Korea 1973 V 
PI 407890.2 Korea 1973 V 
PI 407891 Korea 1973 V 
PI 407899 Korea 1973 V 
PI 407923 Korea 1973 V 
PI 407962.1* Korea 1973 V 
407952.2 Korea 1973 V 
PI 407973B Korea 1973 V 
PI 408041 Korea 1973 V 
PI 408076C Korea 1973 V 
PI 408084A Korea 1973 V 
PI 408084C Korea 1973 V 
PI 408096 Korea 1973 V 
PI 408104 Korea 1973 V 
PI 4081340* Korea 1973 V 
PI 408142 Korea 1973 V 
PI 408143 Korea 1973 V 
PI 408150 Korea 1973 V 
PI 408153 Korea 1973 V 
PI 408168 Korea 1973 V 
PI 408180.1 Korea 1973 V 
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Table I (Continued) 
Culitvar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 408180.2 Korea 1973 V 
PI 408183 Korea 1973 V 
PI 408192.1 Korea 1973 V 
PI 408193 Korea 1973 V 
PI 408202 Korea 1973 V 
PI 408204 Korea 1973 V 
PI 408243* Korea 1973 V 
PI 408304 Japan 1974 V 
PI 408336 Japan 1S74 V 
PI 408788 Japan 1974 V 
PI 408803 Japan 1973 V 
PI 416804* Japan 1974 V 
PI 416957 Japan 1974 V 
PI 416962 Japan 1974 V 
PI 417037 Japan 1974 V 
PI 417039 Japan 1974 V 
PI 417041 Japan 1974 V 
PI 417106 Japan 1974 V 
PI 417347* Japan 1974 V 
PI 417484 Japan 1974 V 
PI 423745* Korea 1974 V 
PI 423806 Korea 1974 V 
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Table I (Continued) 
Cultivar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 423807 Korea 1974 V 
PI 423817 Korea 1974 V 
PI 423857* Korea 1974 V 
PI 42425IB Korea 1974 V 
PI 424259C Korea 1974 V 
PI 424324B Korea 1974 V 
PI 424362 Korea 1977 V 
PI 424480 Korea 1977 V 
PI 424491B Korea 1977 V 
PI 424560 Korea 1977 V 
PI 398952 Korea 1977 VI 
PI 398999 Korea 1977 VI 
PI 408043 Korea 1977 VI 
PI 416796 Japan 1974 VI 
PI 423859 Korea 1974 VI 
PI 424360 Korea 1977 VI 
PI 424361* Korea 1977 VI 
PI 424437 Korea 1977 VI 
PI 424594* Korea 1977 VI 
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Table II. Green-cotyledon genotypes of Glycine max showing 
Mendelian inheritance 
Cultivar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 84674 Korea 1930 I 
PI 437779 Chi na 1980 I 
PI 437780 China 1980 I 
PI 437942 China 1980 I 
PI 79609 Manchuri a 1929 II 
PI 84673 Korea 1930 II 
PI 96188 Manchuri a 1932 II 
PI 232993 Japan before 1956 II 
PI 417242 Chi na 1980 II 
PI 437973 Chi na 1982 II 
PI 464884 China 1982 II 
PI 470227A China 1982 II 
PI 54583 Manchuria 1921 III 
PI79725 Manchuria 1929 III 
PI 84581 Korea 1939 III 
PI 92720 Manchuria 1931 III 
PI 96332 Korea 1932 III 
PI 157416 Korea 1947 III 
PI 82581 Korea 1929 IV 
PI 92557 Manchuri a 1931 IV 
PI 96333 Korea 1933 IV 
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Table II (Continued) 
Cultivar or Year of Maturity 
Plant Introduction Origin introduction group 
PI 171432 China 1948 IV 
PI 196171 Japan 1951 IV 
PI 273484 Korea 1961 IV 
PI 398231 Korea 1975 IV 
PI 398278 Korea 1975 IV 
PI 398359 Korea 1975 IV 
PI 398788 Korea 1975 IV 
PI 398965 Korea 1975 IV 
PI 430598A Korea 1975 IV 
PI 458053 Korea 1981 IV 
PI 458136 Korea 1981 IV 
PI 398552 Korea 1973 V 
PI 398699 Korea 1973 V 
PI 407912 Korea 1973 V 
PI 171439 Chi na 1948 VI 
PI 423822 Korea 1974 VI 
PI 230972 Japan 1956 VII 
Figure 1. Representative restriction-endonuclease fragment 
patterns of chloroplast-DNA enriched DNA samples 
from cytoplasmically inherited green-cotyledon 
genotypes. Lane A = pattern generated by Clal; 
Lane B = pattern generated by Kpnl; Lane C = 
pattern generated by PstI 
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SECTION III: THE INTERACTION OF GENETIC FACTORS REGULATING 
CHLOROPHYLL CONTENT DURING DEVELOPMENT IN 
Glycine max [L.] Merr. 
54 
ABSTRACT 
Five loci conditioning chlorophyll retention or 
degradation in soybean were studied. These included: cyt-
(cytoplasmic green cotyledons), cyt-Y^ (cytoplasmic 
yellow cotyledons), G (green seed coat), d^^g (nuclear green 
cotyledons), and ^ (premature yellowing of foliage). 
Several strains were constructed containing various 
combinations of dominant or recessive alleles at thee five 
loci. Chlorophyll content was measured 
spectrophotometrically in extracts from five developmental 
stages for seven of the strains. Though both cyt-G^ and 
resulted in green cotyledons at maturity, plants 
were characterized by higher chlorophyll a-to-b ratios than 
cyt-G-j plants, indicating that proteins containing 
chlorophyll b were stabilized preferrentially in cyt-G-j 
plants. The action of the jd^^g gene product(s) was more 
general, resulting in stabilization of proteins containing 
both chlorophyll a and chlorophyll b. 
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INTRODUCTION 
Chlorophyll-deficient mutants have been used widely in 
studies to identify key components of the thylakoid membrane 
and(or) to define crucial steps during chloroplast 
development. Many non-all elic chlorophyll mutations have 
been characterized in barley (Machold et al., 1979), maize 
(Neuffer et al., 1968), and soybean (Bernard and Weiss, 
1973), implying that the coordinated expression of several 
genes is required for chloroplast development. Most of 
these investigators have utilized single gene mutations. 
However, in 1929, Terao and Nakatomi reported that in 
soybean the epistatic interaction of a maternally inherited 
green-cotyledon factor (cyt-G^) with a yellow-foliage 
character (^) showing Mendelian inheritance. Their results 
demonstrated the possibility that genetic relationships 
could be established among various chlorophyll mutations, 
identifying potential regulatory loci. Another example is 
known (R. G. Palmer, Dept. of Genetics, Iowa State 
University, Ames, lA) of this type of genetic interaction in 
soybean. The presence of a green-seed coat allele [G) 
prevented expression of the yellow-foliage phenotype 
determined by ^ in plants of the genotype G 
The objective of the study was to examine the genetic 
interaction of five loci in soybean which conditioned 
accumulation or degradation of chlorophyll. To accomplish 
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this goal, several isolines in the genetic background 
cultivar 'Clark' were constructed containing various 
combinations of alleles of the five loci. Some of the 
isolines were available already and were examined to 
determine the effects of the various genes on chlorophyll 
content during development. In this manner, specific 
information was obtained regarding relationships among the 
five genes and how these genes interact during plant 
development. 
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MATERIALS AND METHODS 
Seeds of seven of the genotypes were obtained from R. 
L. Bernard, University of Illinois. The other seven 
genotypes were synthesized from these by making genetic 
hybridizations with appropriate parents (Table I). Hybrid 
progeny from all crosses were backcrossed with appropriate 
tester genotypes. Plants that were identified as the 
desired genotype were testcrossed again to insure the 
accuracy of the classification. 
Seeds were germinated in vermiculite and seedlings 
transferred to soil at the V2 stage (Fehr and Caviness, 
1977). Biological materials were grown in growth chambers 
under 12 h light ( microEinsteins/m^s)-12 h dark at 28 C 
(light)-24 C (dark). Plants were assigned positions in the 
chambers at random. 
Chlorophyll content was examined at five stages 
corresponding to seedling cotyledon (VC), seedling foliage 
(V2), beginning bloom (Rl), beginning seed (R5), and 
beginning maturity (R7) (Fehr and Caviness, 1977). Plants 
were sampled only once, with a new plant sampled at each 
stage. Leaf samples were obtained at the first node showing 
the state of development characteristic of that stage (see 
Fehr and Caviness (1977) for description of developmental 
ages). At the time of sampling, the center tri foliolate leaf 
or one cotyledon was removed from the plant and placed on 
58 
ice. The material was weighed and then ground in a mortar 
with pestle in 8 ml of 100% methanol. An additional 7 ml of 
100% methanol was added to each sample, then the samples 
were vortexed breifly and incubated at room temperature for 
10 min in the dark. Each extract was centrifuged at 10,000£ 
for 10 min. Chlorophyll content was determined from 
absorbances at 565 and 550 nm in a Beckman DU-S 
spectrophotometer. Calculations were performed by using the 
equations of MacKinney (1941). 
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RESULTS AND DISCUSSION 
Four of the seven genotypes under construction were 
being testcrossed at Ames and at Columbia, MO summer 1985. 
Seeds will be harvested fall 1985 and and Fg progeny will 
De screened for segregation of various traits. Preliminary 
observations of progeny from one of the crosses identified a 
new genetic interaction. In this instance, the genotype to 
be synthesized was cyt-Y^ SEZs^S' obtained by 
crossing cyt-Y-j DgDg ^ with cyt-Y^ £^_d^ gg 
Y^Yg. Green-seeded Fg progeny were grown in Ames summer 
1984 and were expected to segregate 3 green (2g_): 1 yellow 
(yj^) plants; however, no yellow plants were observed. 
Green F^ seeds were grown in Puerto Rico and testcrossed 
spring 1985. Hybrid progeny were harvested and F^ plants 
were grown at Columbia, MO to determine the genotype of the 
F2 plants. 
Thus, recessive alleles at both and loci 
prevented loss of leaf chlorophyll caused by y^. This 
result is contrasted to cyt-G^, which is unable to prevent 
the premature loss of chlorophyll from leaves of cyt-G^ 
OgPg 99 plants. These findings are interpreted to 
indicate that although ^^dg and cyt-G^ condition the same 
phenotype (i.e., green cotyledon color), the loci are 
operating in fundamentally different ways. Results from 
analysis of chlorophyll content tended to support this 
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premise (Table II). 
The ratio of chlorophyll a to chlorophyll b increased 
at the time of beginning pod maturity (R7) in cyt-Y-j £i£-] 
DgO? 99 y3^3 plants (Table II) as compared with other 
genotypes. cyt-G^ £^0^ D2D2 99 plants are 
characterized by a decrease in the a-to-b ratio, which is 
more apparent at the R7 stage. Furthermore, extracts from 
cyt-G-j 2i2i DgDg gg plants displayed slightly lower a 
to b ratios during the various developmental stages than 
cyt-Y-j genotypes. 
These results confirm the findings of Caro (1983) who 
observed that a Clark cyt-G^ isoline exhibited significantly 
lower chlorophyll a-to-b ratios over the growing season than 
cyt-Y-j. The presence of the cyt-G^ gene product may result 
in the stabilization of thylakoid proteins containing 
chlorophyll b, thereby yielding the observed lower ratios. 
Caro (1983) found that Clark cyt-G^ cotyledons retained the 
chlorophyll b light harvesting chlorophyll protein (LHCP) 
during senescence as compared to Clark cyt-Y^, which 
degraded both LHCP and the photosystera I chlorophyll protein 
(CPI). Clark ^^d^ cotyledons, however, are 
characterized by measurable quantities of both LHCP and CPI, 
whereas Clark cyt-G-j did not contain measurable amounts of 
CPI during the later stages of cotyledon senescence. 
The preferential retention of proteins containing 
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chlorophyll b apparently occurred despite the presence of 
recessive alleles at _g and y^. The total measurable amount 
of chlorophyll in cotyledons of cyt-Y^ 2-|2i £2—2 99 y3^3 and 
cyt-G-i £^£1 99 was approximately one-half that of 
the other five genotypes at the VC stage (Table III). These 
same two genotypes were distinguished from the other 
genotypes at R7 as well, since neither genotype contained 
much chlorophyll. However, as previously mentioned, cyt-Y^ 
OgO? 99 y^y^ plants have a high chlorophyll a-to-b 
ratio relative to plants of the corresponding cyt-G-j isoline 
(Table II). Thus, the combination of recessive alleles at _g 
and y^ altered the rate and(or) timing of chlorophyll 
degradation, but the presence of cyt-G^ modified the 
susceptibility of proteins containing chlorophyll b to some 
extent. 
Evidence that it is the cyt-G^ gene product which is 
responsible for this protection, can be extrapolated from 
the work of Eskins et al. (1983). Working with several 
chlorophyll mutants in soybean (all in the maternal 
background Clark cyt-Y-j), they observed that the degradation 
of proteins containing chlorophyll b occurred first during 
leaf senescence. cyt-G^ would then have conferred some 
resistance upon these same chlorophyll proteins in the 
plants used in this study. 
If this assumption is correct, then the gene products 
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of ^1 and ^ must act in a more general way than cyt-G-j to 
retard the loss of chlorophyll. Data presented earlier 
concerning soybean cotyledon-chlorophyll proteins 
demonstrated the stability of both CPI and LHCP in cyt-Y^ 
^1^1 £2—2 plants (Caro, 1983). In addition, the epistatic 
interaction of recessive alleles at and ^ with recessive 
alleles at _g and y^ which prevents premature chlorophyll 
loss, suggests interference with the action of a 
chloroplast proteolytic system. The green seed coat locus, 
may be functioning in a similar way, as plants of the 
genotype cyt-Y^ D-]£^ 66 y^y^ also do not display 
premature loss of foliar chlorophyll (R. 6, Palmer, Dept. of 
6enetics, Iowa State University, Ames, lA). 
A similar non-yellowing mutant has been characterized 
in meadow fescue (Thomas and Stoddart, 1975). In this 
example, senescence proceeded normally, except that 
chlorophyll was retained in the leaves. Apparently, the 
rate of destruction of intrinsic thylakoid proteins was 
reduced, though stromal proteins were metabolized as 
expected (Thomas, 1977). Thomas suggested the presence of 
at least two proteolytic systems, one for intrinsic 
thylakoid proteins, and the other to degrade extrinsic 
thylakoid and stromal proteins. The relationship of cyt-6^, 
and 6 gene products with proteolytic activities has 
not been investigated, though it is apparent that these 
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products do affect chlorophyll protein stability. 
In summary, the presence of the cyt-G-j gene is 
correlated with preferential retention of proteins 
containing chlorophyll b. Recessive alleles at two nuclear 
loci, and likewise condition chlorophyll retention, 
though apparently by stabilizing all, or most of the 
chlorophyll proteins. The genetic relationships of these 
three genes with other genes affecting chlorophyll 
metabolism are being studied. 
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TABLE I. Description of genetic traits and strains utilized 
Genetic trait Phenotype 
cyt-G^ green seed cotyledons at maturity 
cyt-Y-j yellow seed cotyledons at maturity 
I3 normal green foliage 
premature yellowing of foliage 
G green seed coat 
9 yellow seed coat 
£1 £2 yellow seed cotyledons at maturity 
-1 ^ green seed cotyledons at maturity 
Genotypes available (from R. L. Bernard): 
£2  ^-âi HÎ-^ 1 2i2i Èz-z I3I3 
£l£l DgOg 99 ^3 Dill % m % 
S^] £l£l D,D, GG Y,Y, 
d-i d^ ^2^2 — Is^s 
ÇZkli lili I2I2 9£ Y3I3 
Genotypes under construction: 
izlzl] 2i£i — 23^3 cyt-G 
izkli Éiii iziz m Z3Z3 
cyt-G 
cyt-G 
cyt-G 
-1-1 -^2 — ^3=  ^
£i£i % ^  I3Ï3 
lili É2^ mZsZa 
llil dgdgGG 
ilA É2-2 -âi I3I3 
TABLE II. Chlorophyll a-to-b ratios in methanolic extracts of soybean leaf and 
cotyledon samples from five developmental stages 
Standard deviation of the mean was less than 13% for stages VC through R5; 
standard deviation of the mean was less than 30% for stage R7. 
Developmental Stages 
Genotype VC V2 R1 R5 R7 
cyt-Yj RiEi ^2-2 M ^3 3.5(6)* 3.0(6) 3.3(4) 3.2(4) 2.9(5) 
cyt-Y^ Mz ^  Y3Y3 3.6(6) 3.3(3) 3.4(3) 3.1(3) 
cyt-Y^ RiRi 22H2 m I2I3 4.0(6) 3.6(6) 3.6(4) 3.0(3) 4.7(3) 
cyt-Y^ 
-1-1 É2É2 99 Y3Ï3 3.3(3) 3.2(3) 3.3(4) 2.8(5) 
cyt-Y^ 
^ili V2 ^  ^ 3 3.3(6) 3.1(3) 3.2(3) 2.8(3) 
cyt-G^ Ë1Ë1 £2-2 •SS. I3Ï3 2.9(4) 2.9(6) 2.8(3) 2.4(3) 
cyt-G^ £i2i % m ^ 3 3.0(6) 3.2(6) 3.1(4) 3.0(3) 0.8(5) 
^Number in parentheses denotes the number of replicates per data point. 
TABLE III. Total chlorophyll content (ing chl per gram fresh weight) in methanolic 
extracts of soybean leaf and cotyledon samples from five developmental 
stages 
Standard deviation of the mean was less than 30% for stages VC through R5; standard 
deviation of the mean was less than 40% for stage R7. 
Developmental Stage 
Genotype VC V2 RI R5 R7 
cyt-Y ÊlËi % m 1^3 0.63(6)® 3.66(6) 2.46(4) 3.27(4) 2.39(5) 
cyt-Y 
-1-1 -2-2 GG I3I3 0.62(6) 2.40(3) 2.82(3) 4.14(3) 
cyt-Y Ê1Ê1 ^2-2 gg % 0.30(6) 2.34(6) 2.12(4) 3.22(3) 0.08(3) 
cyt-Y Él^i 
-2-2 99 I3Ï3 0.90(3) 2.39(3) 2.82(4) 4.43(5) 
cyt-Y 
-2-2 GG I3X3 0.63(6) 2.33(3) 3.20(3) 3.81(2) 
cyt-G ËlÊi 
-2-2 gg I3I3 0.55(4) 3.42(6) 5.01(3) 4.87(3) 
cyt-G 
^1^1 -2-2 gg % 0.36(6) 2.39(6) 2.34(4) 3.38(3) 0.88(5) 
^Number in parentheses denotes the number of replicates per data point. 
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SECTION IV: CHARACTERIZATION OF THE ADAPTATION RESPONSE OF 
Anacystis nidulans TO GROWTH IN THE 
PRESENCE OF SUBLETHAL DOSES OF HERBICIDE 
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ABSTRACT 
Cells of Anacystis ni du1 ans were cultured in the 
presence of sublethal doses of the herbicides DCMU and 
terbutryn (a triazine). The concentration of total polar 
lipid increased in herbicide-adapted cells, although the 
unsaturation ratio remained unchanged. An increase in 
phycocyanin content was observed with a concomitant decrease 
in chlorophyll concentration. The electron transport 
capacity of herbicide-adapted cells was similar to that of 
normal cells. Chlorophyll fluorescence indicated that the 
additional phycocyanin-protein complexes were integrated 
into light-harvesting phycobilisomes, resulting in a greater 
absorption cross section for PSII in these cells. The 
overall response of Anacystis to growth on sublethal doses 
of either herbicide was fundamentally equivalent to the 
response seen when higher plant species were cultured on 
sublethal doses of atrazine. 
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INTRODUCTION 
The dynamic nature of the thylakoid membrane of 
higher plant chloroplasts has been well-documented. Light 
intensity and quality have been shown to influence 
chloroplast ultrastructure (ratio of granal to stromal 
membranes), electron transport capacity, the chlorophyll a-
to-b ratio, and the concentration of both photosystem I and 
photosystem II reaction center complexes (Melis and Harvey, 
1981). Comparisons among species adapted to shade habitats 
versus species grown in high light habitats have 
demonstrated that chloroplast composition and structure can 
be altered by environmental factors (Boardman, 1977). 
Herbicides have been shown to elicit similar effects. 
Treatment of Raphanus seedlings with the photosystem-II 
herbicide bentazon induced a shade-type phenotype, including 
a greater degree of grana stacking and fewer stromal 
thylakoids (Meier and Lichtenthaler, 1981). Lemna minor and 
Spirodela oligorrhiza cultured on sublethal doses of 
atrazine have been characterized by changes in the 
organization of granal thylakoids and in the lipid 
composition of chloroplast membranes (Grenier et al., 1982; 
Mattoo et al., 1984). 
Studies of this kind have been instrumental in 
identifying factors that influence membrane composition and 
function. The adaptability described for higher plants has 
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been demonstrated for cyanobacteria as well. For example, 
Myers et al. (1980) have noted modification of the ratio of 
reaction center 1 to reaction center 2 and a change in the 
composition of the accessory pigments in mutants of 
Anacystis nidulans grown in far-red or gold light. 
Cyanobacteria are prokaryotic and are, presumably, less 
complex than higher plants. It may be more efficacious to 
examine regulatory factors affecting thylakoid membrane 
function and organization in a blue-green alga than in 
higher plants. 
In this study, the cyanobacterium, Anacystis nidulans 
was used to characterize the effects of sublethal doses of 
the herbicides terbutryn (a triazine) and DCMU on thylakoid 
membrane architecture and function. Several parameters were 
investigated, including pigment content, membrane lipid and 
protein composition, electron transport capacity, and 
chlorophyll fluorescence kinetics. Results indicated that 
Anacystis responded in a manner similar to Spirodela and 
Lemna. 
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MATERIALS AND METHODS 
Ce!1 s of Anacysti s ni du!ans strai n R2 were grown 
axenically in liquid culture using BG-11 growth medium 
(Allen, 1968). Illumination was provided by a bank of cool-
white fluorescent lights at an intensity of 90 
2 
microeinsteins/m s. Terbutryn was provided by Ciba-Geigy 
and DCMU was purchased from Sigma Chemical Co. DCMU was 
recrystal1ized in 95% ethanol before use. Stock solutions 
of both herbicides were made in 95% ethanol and stored at 
-20 degrees C. Cells used in the experiments were derived 
from cultures exposed to the herbicides over several 
generations. In all experiments, cells were harvested at 
the late-log phase of growth. 
Cells for pigment analysis were harvested at 77G0£ for 
10 min and were resuspended in 5 ml 90% acetone. Glass 
beads were added to 1/2 volume and cells vortexed vigorously 
at room temperature for 30 sec. The slurry was transferred 
to clean tubes and centrifuged at 12,000£ for 10 min. The 
supernatant containing chlorophyll was removed and the 
absorbance at 564 and 547 nm was measured (Jeffrey and 
Humphrey, 1975). The blue, phycocyanin pellet was 
resuspended in 3 ml 0.1 M NaHgPO^ (pH 7.0 with NaOH) and 
vortexed briefly. Phycocyanin and al1ophycocyanin were 
quantified at 625 and 550 nm by using the equations of 
Kursar and Alberte (1983). Scattering, caused by cellular 
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debris, was corrected for by the method of Allen (1968). 
Absorption profiles of whole cells were obtained by using an 
Aminco DW2-C spectrophotometer in the dual beam mode. 
Difference spectra of normal and DCMU-adapted cells were 
generated by varying the concentration of cell suspensions 
to give equal absorption at 525 nm or 585 nm, and the 
absorption spectra were recorded and stored. 
Membrane proteins were isolated by suspending cells in 
50mM Tris, 5 mt'I MgClg, 10 mM NaCl (pH 7.8 with HCl ) and 
sonicating at 45 W for 2 min on ice (Manodori and Mel is, 
1984). Unbroken cells were removed by centrifuging at 
3,000g for 10 min. The supernatant was centrifuged at 
30,000g for 45 min. The membrane pellet was taken up in 
lOmM Tricine, 10% sucrose (w/v) (pH 8.0 with NaOH) and stored 
frozen. Proteins were resolved in a 10%-17.5% linear 
gradient polyacrylamide gel as described by Metz and Miles 
(1982). Samples were prepared with 30 mM dithioerythritol 
and ]% lithium dodecyl sulfate (Gallard-Schlesinger 
Chemicals) and were incubated on ice for 10 min. 
Approximately 7.5 micrograms chlorophyll (Holden, 1975) per 
sample was loaded onto the gel. Gels were run overnight at 
4 degrees C at 1.5 W power. Peptides were visualized by 
staining with silver (Oakley et al., 1980). 
Lipids were isolated from whole cells according to the 
procedure of Folch et al. (1957). Fatty acid analysis was 
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carried out at the USDA laboratory in Beltsville, MO, by J. 
B. St. John, as described previously (Pillai and St. John, 
1981). 
Photosynthetic electron transport was measured in whole 
cells. Cells were harvested and suspended in 20 mM Tri ci ne, 
0.5 M mannitol, 5 ml4 NagHPO^, and 5 mM MgClg (pH 7.5 with 
NaOH) (Guikema and Sherman, 1980). Electron transport was 
measured in a YSI Clark-type oxygen electrode at 25 degrees 
C. Light was provided by a 500 W bulb and was passed 
through a 10 cm heat filter containing 0.2% CuSO^. The 3 ml 
reaction vessel contained 40 nif'I Tricine, 50 mM NaCl, and 4 
mM MgClg (pH 8.0 with NaOH) (Krueger and Miles, 1981) with 5 
mi crograms/ml chlorophyl1. Parti al reacti ons were carri ed 
out according to Guikema and Sherman (1980). 
Room temperature chlorophyll fluorescence was performed 
(Guikema and Sherman, 1980) with whole cells. Chlorophyll 
and phycocyanin content of the samples was estimated by the 
procedure of Jones and Myers (1965). Cell samples were 
normalized to equal concentrations of chlorophyll or 
phycocyanin by dilution with BG-11 medium. Following this, 
cells were dark adapted for 30 min before assaying. 
Fluorescence measurements were carried out at Kansas State 
University, Manhattan, KS, by Jim Guikema. 
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RESULTS 
Cells of Anacystis grown in the presence of various 
closes of herbicide were characterized by altered levels of 
chlorophyll and phycocyanin (Table I). A sublethal dose was 
defined as a concentration that would elicit this 
characteristic shift in pigment composition without 
severely inhibiting culture growth. A concentration of 
0.025 micrograrn/ml was chosen for DCMU and 0.01 microgram/ml 
for terbutryn. At these concentrations, the chlorophyll was 
decreased to approximately 60% of normal in DCMU-adapted 
cells and to 80% of normal in terbutryn-adapted cells, on a 
per cell basis. Conversely, both phycocyanin and 
allophycocyanin content were increased in adapted cells 
relative to untreated cells. Absorption spectra for whole 
cells grown in the presence of DCMU or terbutryn, and in the 
absence of either herbicide yielded comparable results (Fig. 
1). The decrease in chlorophyll and increase in accessory 
pigments was greatest for DCMU-adapted cells, while 
terbutryn-adapted cells were intermediate between DCMU and 
normal cells. Difference spectra (Fig. 2) between normal 
and DCMU-adapted cells (normalized at 585 nm to equal 
chlorophyll concentrations) showed that DCMU-adapted cells 
contained substantially more C-phycocyanin and perhaps more 
carotenoids as well. When the absorption was normalized at 
625 nm to equal phycocyanin concentrations, normal cells 
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displayed a much greater amount of chlorophyll. In 
addition, a slight shoulder at 640-550 nm was detected, 
which suggested that normal cells contained more 
allophycocyanin than DCMU-adapted cells. 
Herbicide-treated cells were transferred to B6-11 
medium without herbicide to evaluate the recovery of cells 
from herbicide treatment (data not shown). Cells were 
capable of recovering near normal pigment composition and 
growth characteristics within two subculture cycles (10 d). 
Interestingly, cells treated with 0.01 microgram/ml DCMU 
were characterized by higher levels of both chlorophyll and 
phycocyanin than untreated cells during the first subculture 
on unsupplemented BG-11 medium. 
Polyacry1 ami de gel electrophoresis of membrane-bound 
polypeptides failed to identify consistent qualitative 
differences among the three cell cultures (Fig. 3). 
Analysis of total polar membrane lipids revealed differences 
among herbicide-adapted and normal cells (Table II). 
Cultures treated with terbutryn contained 19% more total 
polar lipid, whereas growth on DCMU resulted in 53% more 
total polar lipid than normal cells (per mg chlorophyll). 
This resulted from an increase in the concentration 
of CI5:0 and C15:l fatty acids, while the concentration of 
CI8:0 and CI8:1 fatty acids remained relatively unchanged. 
Thus, the ratio of unsaturated fatty acids to saturated 
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fatty acids (calculated as C16:1 + C18:l/C16:0) was not 
altered significantly by the presence of either DCMU or 
terbutryn. 
The photosynthetic electron transport capacity of the 
three cultures was examined to determine whether these 
changes in pigment content and(or) lipid composition affected 
membrane function. Three partial reactions were utilized to 
monitor this function in whole cell preparations (Table 
III). Photosy stem II activity, as measured by using the 
acceptor dimethyl-p-benzoquinone, yielded similar rates for 
all three samples. Electron transport through both 
photosystems II and I was measured by using methyl viologen 
(Sigma Chemical) or metronidazole (Sigma Chemical). In the 
former set of reactions, no difference in rate was observed. 
However, when metronidazole was used, DCMU-adapted cells 
were characterized by slightly higher rates of transport 
than either normal or terbutryn-adapted cells. The reason 
for this difference is not immediately apparent, but 
probably relates to the manner in which metronidazole 
interacts with the thylakoid membrane, which is distinct 
from methyl viologen (Guikema and Sherman, 1980). 
Chlorophyll fluorescence measurements were performed to 
assess the functional capacity of the photosynthetic 
membrane. Room temperature kinetics were obtained with cell 
cultures adjusted to 1 microgram chlorophyll/ml BG-11 
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medium. Two excitation wavelengths were used, 450 nm (to 
excite chlorophyll. Fig. 4) and 550 nm (to excite 
phycocyanin. Fig. 5) and fluorescence emission was monitored 
at 680 nm. The fluorescence emitted from DCMU-adapted cells 
was consistently much greater than from normal cells, 
regardless of the excitation wavelength. At 450 nm 
excitation, the ratio of maximal fluorescence (F^) of DCMU 
to normal cells was approximately 4:1, when either equal 
chorophyll or phycocyanin concentrations were employed. A 
similar response was seen with 550 nm excitation. At equal 
chlorophyll concentrations, the ratio of F^ was 7:1 in DCMU 
to normal cells. If equal phycocyanin concentrations were 
utilized, then the ratio observed was closer to 3:1. Thus, 
the ratio of 3-4:1 may be more indicative of the actual 
difference in fluorescence between DCHU and normal cells. A 
smaller increase in F^ was seen with terbutryn-adapted 
cells, approximately 1.2:1, terbutryn to normal cells. 
Furthermore, the shapes of the induction curves were similar 
for the three cultures. The rise times from F (initial 
0 
fluorescence level) to F^^ were faster in the herbicide-
treated cells than untreated cells. However, the ratio of 
FQ to F^ was essentially the same in all of the three cells, 
and this ratio was not altered by addition of DCMU (data not 
shown). That is, addition of DCMU to either normal or DCMU-
adapted cells caused an increased stimulation of 
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fluorescence. The response curve of normal cells to the 
addition of DCMU closely resembled that obtained with DCMU-
adapted cells. 
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DISCUSSION 
Adaptation of Anacystis to growth in the presence of 
DCMU and terbutryn is correlated with changes in pigment and 
lipid composition. Concomitant modification of the protein 
component of the thylakoid membrane is not evident. 
However, this does not preclude the possibility that 
functional characteristics of some of the proteins are 
altered during adaptation, as is the case for Spirodela 
cultured on sublethal doses of atrazine (Mattoo et al., 
1984). Overall, the results obtained from Anacystis 
resembled the responses of Spirodela and Lemna cultured on 
sublethal doses of atrazine (Mattoo et al., 1984; Grenier et 
al., 1982). 
Changes in the concentration of total polar lipids 
presumably reflect an increase in thylakoid membrane 
content, though direct physical evidence is not available. 
An increase in the number of thylakoids per granum and the 
diameter of the grana was observed in Spirodela and Lemna, 
and was noted as well in experiments with Raphanus (Meier 
and Lichtenthaler, 1981). In the former two studies, an 
alteration of the unsaturation ratio of fatty acids in the 
thylakoid membrane accompanied the adaptation to herbicide. 
An increase in a-linolenic acid (C18:3) accounted for most 
of the increase in polyunsaturated fatty acids. In 
Anacystis, only a small percentage of the C18:1 fatty acid 
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(2%) is associated with the four major lipids of the 
thylakoid membrane (Murata et al., 1981). A much higher 
percentage is found as free fatty acid. Linoleic and 
linolenic acids are not described as components of 
either the thylakoid membrane or cell envelope of Anacystis. 
The major unsaturated fatty acid is palmitoleic acid 
(016:1). Thus, it does not seem incongruous that an 
increase in the unsaturation ratio is not seen upon 
adaptation of Anacystis to the presence of herbicide. 
In addition, Mattoo et al. (1984) hypothesized that the 
increase in polyunsaturation was a mechanism whereby the 
functional interaction of membrane components (i.e., 
herbicide-binding protein) was maintained in the presence of 
herbicide, by regulating membrane fluidity and organization. 
Although it has been demonstrated that unsaturation has an 
effect on membrane fluidity, it may have a more important 
role in regulating the ratio of lamellar to non-lamellar 
domains (Gounaris et al., 1982). The lack of granal 
structures in cyanobacterial thylakoid membranes may in 
part explain the absence of a change in the unsaturation 
ratio in Anacysti s. 
Fluorescence data demonstrate that the additional 
phycocyanin present in herbicide-adapted cells is integrated 
into the light-harvesting system. This is seen as an 
increase in maximal and initial fluorescence parameters in 
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DCMU- and terbutryn-adapted cells relative to control cells. 
If this were not the case, an increase would be seen in 
initial fluorescence only. The new phycocyanin-protein 
complexes are probably added to the periphery of existing 
phycobilisomes in DCMU and terbutryn cells, as difference 
spectra revealed that normal cells contained slightly more 
allophycocyanin per mg chlorophyll. Furthermore, the faster 
rise times from initial to maximal fluorescence in 
herbicide-adapted cells probably indicate a greater 
absorption cross section for PSII in these cells. -The 
increase in light-harvesting capability may be necessary to 
maintain normal rates of electron transport in herbicide-
adapted cells. 
In summary, the response of Anacystis to sublethal 
doses of herbicides indicates that the thylakoid membrane of 
this cyanobacterium reacts in a manner fundamentally similar 
to that of higher plant species. The trigger(s) responsible 
for initiating and regulating this response has yet to be 
identified, but could be investigated using this system. 
Further experiments aimed at examining transcription of the 
phycocyanin and herbicide-binding protein genes are under way. 
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Table I. Pigment content of herbicide-adapted and control cells of 
Anacystis nidulans 
Measurements represent the mean of four separate experiments ^ standard 
deviation of the mean. 
Herbicide concentration 
micrograms/ml 
Chlorophyll* 
(micrograms) 
C-Phycocyanin* 
(micrograms) 
Allophycocyanjn 
(micrograms) 
UCMU 
0.0 1.4 + 0.4 5.8 + 1.2 3.6 + 1.0 
0.01 1.1 + 0.3 6.7 + 1.5 4.4 + 0.4 
0.025 0.8 + 0.2 7.3 + 0.6 4.9 + 0.3 
0.05 1.2 + 0.4 10.0 + 2.8 6.6 + 4.6 
0.1 1.2 + 0.6 8.5 + 3.1 6.8 + 2.1 
Terbutryn 
0.0 1.0 + 0.2 3.9 + 1.4 2.6 + 0.5 
0.01 0.8 + 0.2 6.3 + 1.2 3.9 + 1.2 
0.025 0.9 + 0.2 6.7 + 0.2 5.2 + 1.0 
0.05 1.4 + 0.5 8.5 + 2.7 7.2 + 2.7 
0.1 1.3 + 0.6 6.4 + 3.4 5.5 + 3.0 
Per 10^ cells. 
Table II. Fatty acid analysis of total polar lipids from control and 
herbicide-adapted cells 
Standard deviation of the mean was less than or equal to 10% for all classes 
except C18:0, for which the standard deviation of the mean was less than or 
equal to 30%. 
Fatty acid composition 
(micromoles/mg chlorophyll) 
C16:l + C18:l 
Treatment C16:0 C16:l C18:0 C18:l C18:2 Total CI b ; 0 
Control 2.0 (7)^ 1.9 (7) 0.08 (7) 0.7 (7) 4.6 (7) 0.83 (18) 
DCMU 3.1 (5) 3.1 (5) 0.10 (5) 0.7 (5) 0.06 (5) 7.0 (5) 0.87 (7) 
Terbutryn 2.3 (4) 2.3 (4) 0.07 (4) 0.5 (4) 0.04 (4) 5.5 (4) 0.84 (7) 
^Numbers in parentheses denote the number of replicates per data point. 
Table III. Electron transport rates in control and herbicide-adapted cells 
Measurements + standard deviation of the mean. 
micromoles Og/mg chl hr 
Partial Reaction Control OCMU Terbutryn 
PSII + I (HgO—»MV) 164 + 20 (7)* 209 + 63 (5) 200 +27 (4) 
PSII + I (HgO—»MT) 151 + 20 (7) 206 + 13 (5) 125 + 18 (5) 
PSII (HgO— 293 + 52 (7) 275 + 66 (5) 258 + 25 (5) 
^Number in parentheses denotes the number of replicates per data point. 
Figure 1. Absorption spectra oF Anacystis grown in UG-11 in the 
absence or presence of terbutryn and UCMU. Samples were 
zeroed at 750 nm to subtract scattered light and the 
spectra offset in the figure to facilitate comparison 
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Figure 2 .  Absorption differences observed between cells grown in 
the absence of inhibitors and in the presence of DCiMU. 
Tlie concentration of cell suspensions was varied by 
dilution to nornialize absorption at either 625 niii 
(curve a) or 685 (curve b), and tlie absorption 
spectra were recorded and stored. Tlie spectra were 
compared by subtraction. Curve a represents the 
difference of normal cells minus UCilU-adapted cells 
wnen nonnali zed at 62b nm. Curve b represents the 
difference of UCMU-adapted cells minus normal cells 
when normalized at 685 nui 
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Figure 3. LDS-polyacrylamide gel electrophoresis of membrane-
bound proteins from cells grown in the presence or 
absence of herbicides. Lane A = DCHU-adapted cells; 
Lane B = normal cells; Lane C = terbutryn-adapted 
cells; STD = Bio-Rad molecular weight standards 
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Figure 4. Fluorescence induction kinetics of cells grown in the 
absence of herbicide (A) and grown in the presence of 
either terbutyrn (B) or DCMU (C). Fluorescence was 
monitored at an emission wavelength of 680 nin 
following excitation at 450 nni to excite chlorophyll. 
The scale on the left gives the fluorescence yield for 
samples A and B; the scale on the right shows the 
fluorescence yield for sample C 
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Figure 5. Fluorescence induction kinetics of cells grown in the 
absence of herbicide (A) and grown in the presence of 
either terbutryn (B) or DCMU (c). Fluorescence was 
monitored at an emission wavelength of 680 nm 
following excitation at 550 nm to excite phycocyanin. 
The scale on the left gives the fluorescence yield for 
samples A and B; the scale on the right shows the 
fluorescence yield for sample C 
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GENERAL SUMMARY 
The intention of these studies was to examine various 
aspects of photosynthetic gene function. The choice of the 
two organisms was based largely on convenience, but both 
offered advantages. In soybean, the chlorophyll mutants 
used affected pigment accumulation in a variety of tissues 
at different developmental times. In addition, basic 
physiological and genetic characterizations have been 
completed. The cyanobacterium Anacystis has been used 
widely by several researchers and models of membrane 
organization have been proffered (Guikeina and Sherman, 1982; 
Manodori et al., 1984). 
My studies have shown that chlorophyll accumulation in 
various tissues of soybean is quite complex. This is to be 
expected based strictly on the number of single-gene 
mutations affecting chlorophyll content in many species of 
higher plants. The secondary interaction of some of these 
genes with each other has added to this complexity. 
The results reported here showed that cyt-G^, ^ 
and £ affected chlorophyll retention in several tissues. It 
is not known whether the mechanism of retention is the same 
in all of the tissues, or if retention in one tissue is the 
consequence of retention in another tissue. However, the 
action of cyt-G-j can be distinguished from the other loci on 
the basis of its interaction with y^. This suggested to me 
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the possibility that _d^and G represent a complex 
signal such that the presence of recessive alleles at one or 
two of the loci (or dominant alleles in the case of 
would be compensated for by dominant alleles at the other 
locus. This signal seems to affect chlorophyll retention 
only in the foliage, as the loci individually do not 
condition retention in more that one tissue. In other 
words, D, D, G Y- plants do not have mature green 
cotyledons; G and ^ cannot prevent chlorophyll degradation 
in this tissue. The following chart may be useful. 
Ol_ Z3Z3 green fol i age 
£l_ ^ Yg_ green fol i age 
l l l l  ^ ^ 2  ^ g r e e n  f o l i a g e  
The relationship among the loci needs to be defined 
more critically to test this hypothesis. Also, the 
relationship between retention in the foliage and retention 
in seed tissues should be examined. 
The organization and function of thylakoid membranes in 
Anacystis was altered by growth in the presence of 
herbicide. The alterations noted in this organisiii, and 
comparable changes in higher plants, may be caused directly 
by herbicide binding, or indirectly, from reduced membrane 
fluidity, lower electron transport rates, or possibly, other 
factors. It seems unlikely that herbicide binding directly 
100 
induces this response, as plants grown in low light 
conditions display similar changes in chloroplast structure 
and function. The critical factor that induces these changes 
has not been identified, but several possibilities exist, 
including the two listed above. 
Reorganization of the thylakoid membrane has been 
demonstrated for mutants in Anacystis. Manodori et al. 
(1984) described a mutant (AN112) in which the interaction 
of the reaction center of photosystem II and the 
phycobilisome core was altered. This reorganization 
apparently permitted more efficient energization of the 
reaction center in mutant cells. So, it may be that changes 
seen in Anacystis during adaptation to growth in the 
presence of herbicide represent a mechanism by which 
membrane function is maintained, as has been suggested for 
Spirodela (Mattoo et al., 1984). 
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